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increases in atmospheric CO, concentrations (C,) as € increases
to more than 500 pmol mol ™" this century from interglacial levels
of less than 200 pmol mol™" (refs 1-6). However, such carbon
storage depends on feedbacks between plant responses to C, and
nutrient availability™®. Here we present evidence that seil carbon
storage and nitrogen cycling in a grassland ecosystem are much
more responsive Lo increases in past O, than to those forecast for
the coming century. Along a continuous gradient of 200 to
550 pmolmol™" (refs 9, 10), increased C, promoted higher
photosymthetic rates and altered plant tissue chemistry. Soil
carbon was lost at subambient €, but was unchanged at elevated
', where losses of old soil carbon offset increases in new carbon.
Along the experimental gradient in C, there was a nonlinear,
threetold decrease in nitrogen availability. The differences in
sensitivity of carbon storage to historical and future ©, and
increased nutrient limitation suggest that the passive sequestra-
tion of carbon in soils may have been important historically, but
the ability of soils to continue as sinks is limited,

The concentration of CO; in the atmosphere has increased
dramatically since the Last Glacial Maximum, most recently
owing to fossil fuel burning and land conversion to agriculture.
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This increase in €, has focused attention on the role of terrestrial
ecosystems in sequestering anthropogenic €O, (refs 2, 5, 7, 11, 12).
The long-term consequences of rising &, on C sequesiration are
highly dependent on feedbacks between plant responses to ©, and
nutrient dynamics™ ™, Plant growth is often enhanced with
inereases in O, (refs 6, 14), sometimes leading to changes in plant
tissue chemistry and organic inputs to soils'™'*. These and other
feedbacks controlled by microbial processes may either increase!™"”
or decrease™ 2 nutrient availability, and mediate the long-term
ability of ecosystems to sequester C*"*, For C sequestration to be
important at decadal and century timescales, nutrient availahility
must not hinder higher plant production and new organic © must
be stabilized in soil pools with relatively long turnover times. The
partitioning of C among soil organic matter (SOM) pools with
different turnover rates is thus a crucial determinant of C seques-
tration in many systems and is tightly coupled with plant tissue
chemistry and nutrient dynamics''%'*,

A field experiment® in an intact Cy/Cy grassland in central Texas
provided a continuous gradient of C, from 200 to 550 pmol mol ™!
permitting the measurement of critical threshold and nonlinear
responses to past, present and future atmospheric CO.. Plant and
ecosystem properties, including water-use efficiency, photosyn-
thesis, respiration rates and primary productivity, often change
with rising Cy, but it 35 not likely that all such responses were or will
be linear™***!. Physiological thresholds™, transient or acclimatory
responses”, and the strong coupling of plant and soil responses™ are
examples of mechanisms that may drive nonlinear processes in
nature™. Nonlinear and threshold responses are the focus of several
new international programmes™ and may explain some of the
apparent contradictory results observed in recent CO, studies™”.
Furthermore, research on how intact ecosystems respond to both
past and future C, provides a context that can demonstrate the
sensitivity of C dynamics to changes that have already occurred as
well as those forecast for the coming century. Extrapolation from
experiments that impose step changes in C, is complicated by the
possibility that plants may evolve as C, changes more slowly in
nature. There is some evidence, however, that perennial plants have
not evolved quickly enough to be closely adapted to current C,
{ref. 24).
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Figure 1 Effects of CO, frealment on vanows species, a, Maximum COy assimiation for
three species [Hottwiocting iscigermn, Solamm dimidiahm, Bromus Eeomicus] in

1853, showing a signilicant positive relalionshig betwesn masimum GOy assimilation and
fretenent Gl in alf species (F << 0.07). b, C/N ratio lor leaves iom e o G species
shiw @ positive, ingar increasa for both species with increasing restiment CO0.. e, C/N
ratio fge Bo. ischasmum rools, crowns and leaves. Boots showed an exponential increass
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in CH ratio with increasing COp [P < 0.03); crowns showed a positive, Enear increase
(<=2 005, d, Relalive change in phenalic concentrations in B schasmom rools
(zepressed relative o ambient valuesh. There was & strong, exponential increass in rool
phenolic conterd (F < 0.000), with an appasent teeshold at ©, shghtly sbovs ambéent
levizls.
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Tabde 1 Calculated carbon production and storage

¥ar Elavated Subamiiant A% (Pvalue)  Supsrambient’ Prergsbmeni
[551}-35I:Ipmc|lnﬁ"r cs&ﬁ.—zm,.mmm";l subambieant supsrambient'sutambiant
Abeground nat primary production jgm ™y ') AEIE-2000 1,047 5 (549 683.9(52.2) (.35 00006 1.52 0.83
Badtrweground ned primany production 0-30cmigm ™Sy ™) 1998-1999 294 {24.5) 155 (22.5) 016 §0.05 1.59 103
Lol T Mux [pgm 7 sec™) 1896-2000 .02 03 285017 CL46 (0.007] 1.4 1.13
Root biomass -30om q-gmﬂ"j i+ 173.0639.4) 102.016.2) 0.2540.038 168 0.84
Soil arganic carbon 0-15ocm [qm'?j 19562000 4,442 {175} 3656 1208 O32 0.05) 1.22 1.05

A and Pvalues ane lrom besl-ft regressions of variabdes on G, over subambient thrcgh elevated concaniraions. 5.0.m.the standard grror of the mean, shown in paentheses afies the mean vabe.
For gl data aihed 1han roo biomass, <& & delermined a3 1he standand evror ior annual means; bor root bicemass f is the standard eror Detee2n seclion means (n = 10,

Along the experimental gradient, plants responded to higher C,
by increasing photosynthesis and net primary production (Fig. 1a,
Table 1). As treatment CO; increased, maximum CO, assimilation
rates increased lineatly for both Cy and C, plants'® (Fig. 1a;
F =2 0.01). Associated with this increase in C0 assimilation was a
509 increase in above- and belowground net primary production at
elevated CO; compared to subambient CO; (Table 1), Tissue
chemistry was altered as well, with an increase in tissue C/N with
higher C, and an exponential increase in phenolic concentration
{Fig. ¥b—d). C, and species type were hughly significant predictors of
CiM, with C/N positively correlated with O, (analysis of covariance
{ANCOVA): P =2 0,001 for C; P < 0,001 for species). The concen-
tration of phenolic compounds in roots of one of the dominant
species in the system, the C, grass Bothriochioa ischacmum, showed
a strong threshold effect, with little variation in plants grown at
subambient ©,, but an exponential increase above ambient COy
(Fig. 1d, P < 0.001).

Soil C storage and belowground metabolism were greatly altered.
Drespite a linear increase in photosynthesis along the gradient, soil C
storage was much more sensitive to subambient than to elevated C,
(Fig. 2a). At subambient 0, bulk soil C stocks decreased by 11%, or
450 g m 7, between 1996 and 2000 ( Table 2). However, there was no
concomitant increase in soil C storage at elevated C, (Fig. 2a), with
soil Cincreasing by a modest 3.3% (144 g m %) over the same time
periad (Table 2). The relationship between treatment CO; and the
change in bulk soil arganic C over three years follows an asymptotic
function (Fig. 2a, P <2 0.05), suggesting that the ability of soils to act
as sinks for anthropogenic CO; will slow or reach saturation,
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Accompanying altered soil © storage was an important change in
soil organic matter chemistry. Total organic matter C/N was linearly
associated with treatment C, (Fig. 2¢, P < (001}, in a pattern similar
to that observed for plant tissue chemistry. There was also a
divergence in patterns of soil respiration at super- versus subambi-
ent C,. Soil CO; flux at peak plant growth was 40% higher at
elevated than at subambient C,, suggesting that much of the
increase in O fxed with rising C, is lost to microbial or root
respiration® (Table 1).

The changes observed in particulate organic matter (POM)
demonstrate a shift in the balance between new and old S50OM,
POM is a relatively labile class of SOM, with a résidence time of
between 10 and 50 years'"**. The 14% loss in POM carbon at
subambient 0, parallels the loss in total organic C (Table 2).
However, in contrast to total organic C, POM C increased linearly
with treatment COh, even at elevated C, (Fig. 2b). These findings
indicate that at elevated C,, increases in POM C were largely offset
by losses in the older, mineral-associated organic matter™” { Table 2).
Even within the POM class, there were increases at elevated C, in the
two most labile fractions {free and macroaggregate POM), while
there was a decrease in the most recalcitrant fraction (microaggre-
gate POM)™ [Table 2). This represents a change in ecosystem C
partitioning to faster cycling organic matter'"'*?, which may
explain why higher C assimilation and production did not lead to
mncreased O sequestration. Our result 1s similar to those of other
studies that reported that at low nutrient availability and elevated
Z0,, carbon was fost from the mineral-bound fraction of SOM™.
Similarly, an annual grassland exposed to a doubling of C, had
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Figure 2 Effect of CO. treatment on soil carbon storage. a, Chanage in organic C stocks
W15 cm) bebween 1997 and 2000 Values ara the difference between sechion means in
1957 and 2000 determined wsing four subsamiples per 5-m Seclion per year. There was a
quadratic relationship betwesn the change in soil C stocks and treatmend CO, (P < 0,05),
Thi linesar §it for these data was not significant. b, Signiticand, mear change in particulae
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organic matler (FOM) carbon betwesn 1997 and 20001F < 0.007). €, There was a
sigrificant, lnear increasa in bulk o organic matier (SOM) CM with Treatment GOy in
December 2000 (7 = 0.001). d, POM G/ for samples collected in December 2000
{F = 0.08), Values are tha means of four sulsamples per section
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Table 2 Pools and changes in soil organic carben and particilate organic carban

Treatmend leg Drecermber 2000 0=15cm [gm'2:| Change |'§m'='| 1EAT 2000 Felalne change (%)
Total sod organic malter G Suparsmbian 4442 (175] 144 (52}
Subaminl 3E5E [120] —a50 (100)
Particulele cigar: mattes C—Frae Buparamiden 186. 1 {23.7) BH.5 {22.00
Subamisnt 158.2 [16.8) —-268.96.3
Macroaggrenale Superaniient 723.4138.7) 1563 (33.9)
Subambient G266 [30.8) —104.0 [56.6)
Microaggregatas Suparambzanl ar.5 6.7 —21.8 (22.6)
Enbarmbient B5.9 {6.4) =5.3(5.5)
Total particulale organs matiar G Superamisnt 9764 [33.9 ZEE2(T0)
Bubambisnt BST.3 [G6.8) -132.3 (2.3
Mineral-associated organic matter C Sugperaniteznt 3,10 (195) — 13 [B6)
Subambisnt 3030 (118 -G {21

higher ecosystern C uptake and belowground allocation bat little
extra Cstorage®. Much of the increased C was partitioned to rapidly
cycling pools that make a negligible contribution to long-term
storage because of their small size and relatively high turnover rates.

The feedback between plant responses to C, and nutrient
dynamics is vital in determining C sequestration in ecosystems ",
MNitrogen mineralization rates decreased dramatically and non-
linearly with increasing CO5 (P <2 0.01), with the largest changes
occurring at subambient concentrations {Fig. 3). Net N mineraliz-
ation was three times higher at 200-240 pmol mol™ COy than at
530-550 pmolmol ™', Because of the changes in the chemical
composition of detritus and increased C supply, microbes at high
CO may need to mineralize older, mineral-associated 50M to meet
their nutritional requirements, As a result, there was a decrease in
plant-available M as a consequence of microbial immobilization and
a loss in C stored in mineral-associated fractions of organic matter.
Some workers have concluded that suppressed N availabality under
elevated CCh may increase C storage by supressing decomposition
rates™"®, but we found that there were only modest gains in soil C
storage at the lowest N availability. In contrast to other grassland
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Figure 3 Met W mineralization during fhe 1939 and 2000 growing seasons, There was a
signifizant, negative exponential relationship between net N mineralization and Featment
G0 during midsummeer in both wears (P <2 0.001). During spring and awlumn there weee
i sigedficant dtferences in N rmineralization ratas for the subambient and alevated
chambers.
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C0, studies™"™*!, our results are apparently a consequence of altered
plant htter chermastry rather than an indirect effect of altered soil
water status, as increases in plant water-use efficiency along the
gradient’ were offset by higher plant biomass (data not shown).
Increases in C, resulted in higher nitrogen-use efficiency by plants™,
but a threefold decrease in nitrogen availability will probably have a
detrimental effect on long-term plant productivity and, nltimately,
on ecosystermn carbon storage.

Higher net primary productivity®, altered plant tissue chem-
istry?”, modifications of SOM composition and stocks™"*, and
changes in nutrient availability™** with increases in C, suggest that
both forests and grasslands are sensitive to rising CO;,. The capacity
of future ecosystems to act as sinks for anthropogenic CO; will be
determined by feedbacks among ecosystem processes™® and will be
sensitive 1o the [ocation of specific thresholds that influence the
magnitude of the change in ecosystem dynamics™. In this grassland,
soil C stocks and net W mineralization are much more sensitive to
subambient than elevated C, indicating that we are currently at an
important threshold, Soils may have played a role in passively
sequestering C since the last interglacial period, but their ability
to continue to act as a C sink may be limited by nutrient availability.
To assess the impacts of rising CO, on carbon sequestration patterns
and nutrient dynamics requires knowledge of potential threshold
responses and the legacy of historical and prehistorical changes. [

Methods

Experimental system

Two paralled, elongated chambers (I m tall X ! mwide 2 60 m long) were constructed
on a prassland dominated by the C, perennial grass Bochriochloa ischagmum {1-) Keng and
Ambient air plus the £, perennial forbs Solaruwe dimidianom Raf and Basibida colummaris
{5ims) D. Don. pure GOy was infprcted into the eastern chamber to initsate the gevated
gradient (550350 wmol mol ™'}, while ambient air was injected into the western chamber,
initiating the subambient COy gradient {365-200 wrol mal™)*, Gradientss have been
maintained during the growing season since May 1997 by altering flow rate through the
chambers. At night, air flow in the chambers is reversed, maintaining 2 C, gradient a1
150 emed mal ™ above daytime concentrations. The chambers are divided into 5-m
sections, and air is cooled and dehumidified tn each section 1o maintain air temperature
and vapour pressure deficit near ambient conditions. Our results span pre-treatment data
(19961997} and the three complete growing seasons during which the grassland was
expased 10 a O, gradient (19982000},

S0l analyses

Senl respiration was evaluated monthly using a LI-COR 6200, Total inerganic and organic
senl carbon was determined vsing a two-temperature combustion procedure designed
specifically for calcareous Blzckland Prairie soils™, Four soil cores were collected from each
of the 20 sections in stratified, random positions. Total ¢ and M were measured using # CE
Instruments MC 2100 elemental analyser § ThermoQuest Iralia). We measured POM in
e aggrepate size <lasses | macroaggregates (=250 pm); microaggregates [250-53 pm)}
using the method described in ref. 26 1o determine POM C. Mineral-associated © was
determined by difference between total © and POM O We determined POM C using four
sonl samples from each section (n = B0) that were collected in Sepsember 1997 and
Diecernber 2000, We used a monih-long, in sitw open-core incubation method deseribed in
rel. 29 to measure net nitrogen mineralization,
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Statistical considerations

The experimental systern is constructed to reselve the shape of ecosystem responses to a
gradiem in OOy, The experimental design uses a regression approach to test fer significant
C0); effects based on changes in sbope along the gradient. We used regression 1o test for a
significant relationship between C, and the response variable using the regression wizard
it SigrmaPlot 5.0 for Windows [SPS5 Tnc.) We tested linear, bogarithmice, power and
hyperbolic functions to fit the data, and sebecied the model with the highest adjusted R?
after examining the residual plois for nermality and homoscedasticity. When models were
neasly the same in their explanatory value (B values within 0005, we report resulis for the
linear model, Becawse we had only 2 single sxperimental system oriented in one direction
across the landscape, it is possible that the messured responses may have been influenced
by some ungquantified factor covarying with C0; treatment. However, extensive
pretreatment dsta, including such ecosystem characteristics as soal C stocks, pet primary
preductivity and ssil respiration, reveabed no such trends before fumigation (Table | and
additional data net shown). Furthermore, the system design ensured that key
environmental variables {photosynihetically active radiation, T, relative humidity, and so
on) remained similar across the gradient”. The absenece of strong threshold responses at the
transition between the twa chambers provades further evidence that neither landscape
position nor pasition within the chamber significantly influenced ebservations. To control
for any pre-existing variation in sl organic matter, we evaluate the change in soil C stocks
hetween 1997 and 2000 rather than absoluse levels (Table 20
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